We have purified a group of four proteases (molecular mass 26-33 kilodalton) from germinating seeds of maize (Zea mays L. var W64A) using ammonium sulfate and isoelectric precipitations, anion exchange chromatography, and electroelution from preparative nondenaturing polyacrylamide gels. Their appearance in the endosperm of germinating seeds coincides with the onset of zein degradation. We have shown that these proteases degrade zeins dissolved in alcoholic solution as well as aggregated in protein bodies from developing maize kernels. The apparent molecular weights and net negative charges of each of these proteases are very similar. Additionally, they are inhibited by thiol-blocking agents and activated by reducing compounds. These characteristics suggest that they are a group of cysteine proteases involved in the first steps of storage protein degradation.
Storage proteins provide nitrogen, sulfur, and carbon skeletons for the developing embryo during seed germination. Degradation of these proteins in germinating seeds appears to follow a common pattern in many plant species (20) . Hydrolysis of the proteins is initiated by the action of cysteine proteinases that cleave internal peptide bonds without causing extensive modifications. The first cysteine proteinase to act, designated proteinase A, is synthesized de novo. The limited hydrolysis by proteinase A generates sites for the action of proteinase B, another type of cysteine proteinase, which is inactive against the native substrate. The carboxyl-ends exposed by the concerted action of proteinases A and B are attacked by carboxypeptidases, and these are normally serine proteases. Finally, tri-and dipeptides are degraded into amino acids by the action of amino-and dipeptidases.
Evidence in support of this model comes from angiosperm as well as gymnosperm species (20) . Vetch ( Vicia sativa L.) was one of the first species in which the components of this model were identified, isolated, and characterized (19) . In mung bean (Vigna radiata L.), the proteolytic enzymes in germinating seeds were also extensively characterized (4) , and most of the components of this model are recognized. In cereals, the pathway of storage protein degradation is not as well defined as in dicotyledons. However, the participation of proteinase A followed by the action of carboxypeptidases has been observed in several cereal species (20) .
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In maize (Zea mays L.), the storage proteins comprise a group of alcohol-soluble polypeptides called zeins (6) . Zeins accumulate in the endosperm during seed development and make up about 50% of total endosperm proteins in mature seeds. They can be divided into subclasses based on solubility and apparent molecular weights: a-zeins, molecular masses 19 and 22 kD, are readily soluble in 70% ethanol; y-, molecular masses 16 and 27 kD, (-, molecular mass 14 kD, and 6-zeins, molecular mass 10 kD, require reducing agents to be solubilized in ethanol (13) .
Zein degradation begins around the second DAG3, and by 8 DAG most of the protein in the endosperm has been hydrolyzed (18) . Coincident with this period, an acidic endopeptidase is detected (pH 3.8) that is active against undenatured zeins (8) .
To better characterize the proteases responsible for zein degradation, we purified a set of four enzymes that are active against native zeins in protein bodies of maize endosperm.
These enzymes, which have characteristics of cysteine proteases, are detected between 4 and 10 DAG, the period when zein proteins are rapidly degraded. They hydrolyze all four types of zein whether the proteins are dissolved in alcoholic solutions or aggregated in protein bodies.
MATERIALS AND METHODS Seed Germination
Maize seeds (Zea mays L. var W64A) were surface-sterilized for 15 min with a 10% (v/v) solution of a commercial bleach containing 5.25% (w/v) of NaOCl and then washed several times with distilled water. Seeds were then soaked overnight in distilled water and germinated in the dark at 25°C in vermiculite. We defined this day as d 0 ofgermination. The seeds were watered twice a day with distilled water.
Degradation of Zeins during Germination
Ten endosperms each from 0, 2, 4, 6, 8, and 10 DAG were ground in liquid nitrogen with a mortar and pestle. The resulting flour was extracted with occasional agitation at 65°C for 30 min with 10 mL of 70% (v/v) ethanol containing 1% (v/v) 2-ME and 0.1% Triton X-100. The extract was centrifuged at 13,000g for 30 min, after which 2.5-FAL aliquots of each sample were analyzed in a 12.5% (w/v) SDS-polyacryl3Abbreviations: DAG, day(s) after germination; 2-ME, 2-mercaptoethanol; NaP, 25 mM sodium phosphate buffer (pH 7) containing 0.01% sodium azide; DAP, day(s) after pollination. amide gel. Alternatively, the polyacrylamide gel was electroblotted onto nitrocellulose paper and probed with anti-a-or anti--y-27 kD zein serum (14) . For these immunoblots (9) the protein samples were diluted 1:100 or 1:20, respectively.
Proteolytic Activity During Germination
Ten endosperms from 0 to 10 DAG were ground in liquid nitrogen as above, and the flour was extracted with 5 mL of NaP buffer with occasional agitation for 2 h at 4°C. After centrifugation, proteolytic activity was determined in aliquots of the supernatant by a solid-phase assay with gelatin as substrate or with a liquid-phase assay with collagen as substrate (see below). Aliquots from these same supernatants were also analyzed in nondenaturing polyacrlyamide gels, which were subsequently stained with silver nitrate (17) .
Enzyme Purification
Seeds were germinated for 6 d, harvested, and endosperms were separated from the seedlings and frozen in liquid nitrogen. Endosperms were ground in a blender to a coarse powder in cold acetone. This homogenate was filtered under vacuum through Whatman No. 1 paper, and the powder was washed several times with cold acetone. The coarse meal was then dried with cold air and ground to a fine powder in a grinding mill. Fifty g of this fine endosperm powder was extracted in 250 mL ofNaP buffer for 2 h at 4°C with continuous agitation. The homogenate was filtered through two layers of cheesecloth, and the filtrate was centrifuged at 1 3,000g for 20 min at 4°C. Solid ammonium sulfate was then added to the supernatant to a final saturation of 30%. After 1 h ofagitation, the extract was centrifuged as before, and the supernatant was adjusted to 65% saturation of ammonium sulfate, agitated for 1 h, and centrifuged as before. The supernatant was discarded, and the pellet resuspended in 15 mL of NaP buffer and dialyzed for 4 h against 4 L of NaP buffer at 4°C. The dialysis bag was transferred to a flask containing 4 L of 50 mm sodium acetate (pH 4.5), and dialyzed overnight. The dialysate was centrifuged and the supernatant was dialyzed once more against NaP buffer. This dialysate was then applied to a 2.5 x 16 cm DEAE-Sephacel column (Pharmacia, Piscataway, NJ) previously equilibrated with NaP buffer. The protein was eluted with 500 mL of NaP buffer, and then a NaCl gradient was applied (400 mL NaP buffer + 400 mL NaP buffer containing 0.5 M NaCl) at a flow rate of 30 mL/h. Fractions with high proteolytic activity at pH 3.8, fraction I (tubes 54-61) and fraction II (tubes 62-70) were pooled, dialyzed against NaP buffer, and concentrated by adsorption in a bed of aquacide I (Calbiochem). Concentrated fractions I and II were applied separately to 7.5% (w/v) preparative polyacrylamide nondenaturing gels (80 x 70 x 1 mm) in a Protean II gel apparatus (Bio-Rad). Proteases were recovered from gel strips 1-cm wide corresponding to the region just above the tracking dye front. The gel strips were put in dialysis bags (molecular mass 3.5 kD exclusion limit) containing about 0.5 mL of Tris-glycine running buffer with no SDS, and electroeluted for 1 h at 100 V, 4°C, on a horizontal mini-gel apparatus model 58 (Bethesda Research Laboratories). Electroeluted fractions I and II were stored frozen at -20°C.
Enzyme Activity
Proteolytic activity was determined by two different assays. In a liquid assay, 5 mg of hide powder azure (Calbiochem) was mixed with 0.95 mL of 50 mm sodium acetate (pH 3.8), containing 5 mM 2-ME and 0.05 mL ofcrude enzyme extract, and agitated for 1.5 h at 37°C. The extract was centrifuged for 10 min at 13,000 rpm in an Eppendorf microcentrifuge (Brinkmann Institute, Inc., Westbury, NY), and 0.2 mL aliquots were transferred to a 96-well ELISA plate. The absorbance of the samples at 590 nm was measured in a Dynatech model MR 700 plate reader (Dynatech Laboratories, Inc.). A control was prepared in which enzyme solution was replaced by water. In additional controls, either 2-ME was not added to the reaction mixture or PMSF was added to a final concentration of 5 mM.
In the solid-phase assay, samples were separated in a nondenaturing polyacrylamide gel (7.5% w/v) containing 0.05% (w/v) of copolymerized gelatin as described by Asahi et al. (3) . In our case, however, no SDS was used; the Tris concentration in both resolving gel and running buffer was doubled; and only glycerol and bromophenol blue were added to the Figure 4 . Separation of phosphate buffer-soluble proteins from germinating endosperms in a nondenaturing polyacrylamide gel. The same samples as those in Figure 3 were analyzed in a 7.5% polyacrylamide gel which was stained with silver nitrate. The four protein bands designated Al to A4 correspond to the bands of proteolytic activity in Figure 3 .
that absorbance was read at 590 nm in the plate reader to determine proteolytic activity.
high mobility. These four bands of activity, which were designated A, to A4, were present through 10 DAG, although their activity declined somewhat after 6 DAG. Between 8 and 10 DAG, an additional, slower migrating band of protease activity was detected, which also showed significant activity. When these extracts were analyzed on a nondenaturing polyacrylamide gel lacking gelatin, proteins migrating at the positions of proteases Al to A4 were identified (Fig. 4) . Relative to the other proteins in the extracts, these appeared to be highly negatively charged. We made use ofthe acidic nature ofthese proteins to purify them. The first step of purification was precipitation with ammonium sulfate (30-65% saturation), followed by isoelectric precipitation of unwanted proteins at pH 4.5. The soluble proteins were applied to a DEAE-Sephacel column and eluted with a linear NaCl gradient (0-0.5 M). The proteolytic activity recovered from the column was distributed in a broad peak (Fig. 5) . Most ofthe activity in fractions 54 to 70 corresponded to proteases A, to A4. The elution from the DEAE column revealed slight charge differences among these four proteases.
The enrichment of these four proteins during purification is illustrated in Figure 6 . Proteins Al through A4 were not detectable in crude homogenates by silver staining, but they were evident following ion exchange chromatography on the DEAE column. The protein recovered in fraction I was more enriched in A, through A3, while that in fraction II contained primarily A3 and A4 (Fig. 6, A and B, lanes 5, 6). After electroelution from nondenaturing polyacrylamide gels, these
RESULTS
An analysis ofzein protein from endosperms ofgerminating seeds showed that their degradation begins by the second day of germination, and that by 10 DAG only a-zeins (molecular masses 22 and 19 kD) could be detected (Fig. IA) . By 4 DAG at least 50% of the a-zeins remained undegraded, while the 27 kD y-zein could not be detected, and most of the 16 kD y-zein, the 14 kD j3-zein, and the 10 kD b-zein had been digested (Fig. IA) . Immunoblots of gels containing total zein extracts (0-10 DAG) probed with polyclonal antibody against a-zeins (Fig. 1B) or with antibody raised against the 27 kD yzein (Fig. IC) confirmed what was shown by the gel stained with Coomassie blue.
As an initial approach to measure proteolytic activity in germinating seeds, we assayed the hydrolysis of collagen (hide powder azure) at pH 3.8. With this assay, activity was first detected around 2 DAG, reached a maximum between 4 and 6 DAG, and declined through 10 DAG (Fig. 2) . The presence of 2-ME in the reaction mixture increased enzyme activity by at least a factor of three between 4 and 10 DAG. PMSF, an inhibitor of serine proteases, did not substantially alter enzyme activity when added to reactions containing the reducing agent (Fig. 2) .
To identify the enzymes responsible for this proteolytic activity, extracts from germinating seeds were separated by electrophoresis in a nondenaturing polyacrylamide gel containing gelatin. Several bands of activity were evident between 4 and 10 DAG (Fig. 3) . At proteins were essentially homogeneous (Fig. 6A, lanes 7, 8) .
Evidence for the purification of the proteolytic activity associated with A1 through A4 is shown in Figure 6B . We also analyzed the protein samples by SDS-PAGE at each step of purification. As was true of the activity analysis (Fig. 6B) , purification of Al through A4 was not evident before DEAE chromatography. On SDS-PAGE, Al through A4 migrated as two bands of molecular masses 26 and 33 kD (Fig. 6C, lanes  5-8) . Some high molecular mass bands were apparent in samples from the DEAE column as well as those eluted from the nondenaturing polyacrylamide gels (Fig. 6C, cf. lanes 5-8) . However, the bands between 45 and 69 kD appear to be artifacts of the silver staining (10) rather than protein contaminants. Similar bands were also apparent in electroeluted protein samples that were reduced and alkylated (data not shown).
To confirm that these proteases are capable of degrading zein proteins, a sample of electroeluted fraction II (enriched with A3 and A4) was incubated with protein bodies isolated from developing endosperm. The proteases were incubated in the presence or absence of Triton X-100, which removes the RER membrane surrounding the protein body (22) . In the absence of detergent, the 27-kD y-zein was not detected after a 4-h incubation, but the a-zeins remained relatively stable throughout the 24-h period (Fig. 7) . However, in the presence of Triton X-100, both the y-and a-zeins were rapidly degraded. The 'y-zein disappeared most rapidly, but by 8 h most of the a-zeins were also digested. The proteases present in the electroeluted fraction I (mainly Al-A3) were also capable of degrading zeins present in protein bodies (data not shown). DISCUSSION A, to A4 appear to be the proteases that initiate zein degradation during germination. They are the predominant proteases early in this period, and their appearance in the endosperm of germinating seeds coincides with the period when zeins are actively degraded (Figs. 1, 2, and 3 ).
Zeins comprise a complex group of storage proteins with different structures, solubilities, and localization within protein bodies. The involvement of multiple forms of proteases or even different types of proteases in the first steps of zein degradation is thus not unexpected. We did not isolate individual proteases in the group we purified (AI-A4) due to their extremely similar characteristics. The enzymes Al to A4 have characteristics of the cysteine proteases which are typically active early in seed germination (20) . Their apparent molecular masses are from 26 to 33 kD. They are most active at an acidic pH, are insensitive to PMSF, and are activated by reducing compounds (Fig. 2) and inhibited by thiol-blocking agents (data not shown). The slight differences in their net negative charges and apparent molecular mass, in addition to their other common features, suggest that they are a set of related enzymes, possibly isozymes. A group of three cysteine proteases, which migrated as a single protein band of molec-B (107 kD), and myosin H-chain (211.4 kD). The gel was stained with silver nitrate. The two lines between 69 and 45 kD seem to be an artifact commonly seen in silver stained gels (10) . ular mass 37 kD in SDS-PAGE, was also found in germinating barley seeds (10) . N-terminal sequencing and fingerprinting analysis showed that these proteases are isozymes.
The coincidence between the beginning of storage protein degradation and the appearance of an 'acid protease' in germinating maize endosperm has been observed several times (1, 7, 8, 18 ). Harvey and Oaks (8) detected and partially characterized an endopeptidase in germinating maize seeds with maximum activity between 3 and 8 d after imbibition and an optimum pH of 3.8 against hemoglobin. Fujimaki et al. (7) detected maximum proteolytic activity in crude extracts of germinating maize seeds around 5 DAG. In this case, the optimum pH was 4.5 when zein was used as substrate, and proteolysis was greatly increased by 2-ME. These observations prompted the authors to suggest that the activity was due to a sulfhydryl enzyme.
Abe et al. (1) purified a 2 1-kD protease from 5-DAG germinating maize endosperms and concluded that it was the 'main factor responsible for the degradation of zein' during germination (2) . This enzyme, designated P-Ia, is a cysteine endopeptidase with an optimum pH of 3.0 against denatured hemoglobin and an isoelectric point around 2.3 (1). In contrast, Moureaux (18) Figure 7 . Activity of purified proteases against protein bodies isolated from maize endosperm. Protein bodies from 16 DAP developing kernels were resuspended in 100 ML of 50 mm sodium acetate (pH 3.8), containing 1 mm 2-ME in the presence or absence of 0.1% Triton X-100. Reactions which contained 5 AL (0.35 4g of protein) of electroeluted protease (A3 and A4) were at 370C for the times indicated. Zein proteins were visualized with Coomassie blue. the main endopeptidases responsible for the degradation of prolamines and endosperm-specific proteins in maize. The PIa enzyme may correspond to one or more of the proteolytic bands we detected, although it was not shown to degrade zeins (1) . Differences in apparent molecular masses (21 kD versus 26 and 33 kD) are not uncommon when they are determined by different procedures (5). We measured the molecular masses of A1 to A4 based on their mobilities on SDS-polyacrylamide gels. The molecular mass of P-Ia, however, was determined by gel filtration on a Sephadex G-100 column (1) .
Considering the variability in molecular mass determinations, the proteases P21 (36 kD) and P22 (12 kD) purified by Moureaux (18) could also correspond to one or more of the proteases described in this report. However, an additional factor must be considered when comparing P21 and P22 with the proteases we purified or with protease P-Ia. During the purification of A1 to A4 and P-Ia, no reducing agent was used. On the other hand, 0.5 mm DTT was used in all steps of the purification of P21 and P22 (18) . Moureaux (18) addressed this question and found that additional proteolytic bands were detected in activity gels when a protein fraction containing P21 and P22 was eluted on a Sephadex G-100 column in the absence of DTT.
The cysteine proteases previously purified from germinating maize seeds (1, 18) share several properties in common with Al to A4, and they may correspond to the same set of proteases. However, in this report we were able to show a direct correlation between the appearance of Al to A4 in the endosperm and the degradation of zeins. We found that these enzymes are the most prominent proteases in germinating seeds when zeins are being rapidly degraded. In addition, we demonstrated that they are capable of degrading zeins aggregated in protein bodies as well as soluble in alcoholic solutions.
For our purposes, it was very convenient to use gelatin and collagen to test for the activity of A1 to A4, because zeins are not soluble in aqueous buffers. Nevertheless, assays with the natural substrate provide a more accurate measure of in vivo degradation during germination. For this reason, we used protein bodies of developing maize kernels (16 DAP) to test for protease activity (Fig. 7) . In the absence of Triton X-100, the 27-kD -y-zein but not the a-zeins was degraded. On the other hand, both types of zeins were hydrolyzed in the presence of this detergent. In this latter case, however, while the 27-kD 'y-zein could no longer be detected after 4 h of digestion, the a-zeins remained undegraded after that same time period. The degradation pattern obtained in vitro (Fig. 7) was similar to what has been observed in vivo (Fig. 1, and ref. 21) . Using immunolocalization techniques, Torrent et al. (21) demonstrated that the 27 kD y-zein disappeared before the 19 and 22 kD a-zeins from protein bodies isolated from germinating seeds. This result is consistent with the observation that the 27 kD y-zein occupies a peripheral position in protein bodies (14) (15) (16) , while the a-zeins make up the core of the deposit (14, 15) .
We found that zeins extracted from mature kernels with 70% ethanol and 1% 2-ME were readily degraded by the purified proteases in the presence of 15% ethanol (data not shown). In this case, however, there was no differential deg-radation of the 27-kD zein or the a-zeins, probably because the two types of protein were equally accessible to the proteases. This reinforces the idea that in cereals the hydrolysis of storage proteins occurs sequentially from the surface of the protein bodies (21) .
Purification of proteases involved in the first steps of degradation of seed storage proteins is essential for understanding of this process as a whole (20) . The isolation of proteases Al to A4 will allow us not only to characterize the proteolytic machinery of the germinating maize seed, but also to study the organization of the zein proteins within protein bodies.
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